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The serine/threonine kinase GSK3 is known to negatively regulate
Wnt/β-catenin signaling, keeping downstream targets off in
unstimulated cells. New studies have now unveiled an additional,
positive role for GSK3 in Wnt signaling, as well as a new role for a
second kinase, CK1γ.Elizabeth Heeg-Truesdell and
Carole LaBonne*
Wnt signaling plays essential roles
in both embryonic development
and stem cell maintenance, while
deregulation of this pathway is
linked to multiple cancers. A
major mechanism of Wnt
signalling during these processes
is the ‘canonical’ β-catenin
pathway, in which regulation of β-
catenin protein levels in the
cytosol ultimately controls Wnt
target gene expression in the
nucleus. In the currently accepted
paradigm for Wnt signaling, the
serine/threonine kinase GSK-3
(known as Shaggy/Zeste-white3 in
Drosophila) functions as a
negative regulator of this
pathway. In the absence of Wnt
stimulation, cytosolic β-catenin is
assembled into the so-called ‘Axin
complex’ where it is sequentially
phosphorylated by CK1 and GSK3
and targeted for proteosomal
degradation [1–3] (Figure 1A).
Activation of Wnt signaling leads,
via a poorly understood
mechanism, to loss of this
phosphorylation and, therefore, to
the stabilization of β-catenin
(Figure 1B). Shedding importantnew light on these events, a new
study by Zeng et al. [4] has now
demonstrated that GSK3 plays an
essential and unexpected role in
the upstream signaling events that
lead to β-catenin stabilization.
Canonical Wnt signaling is
initiated in response to ligand
binding by a receptor complex
consisting of a Frizzled family
serpentine receptor and a single-
span transmembrane receptor of
the LDL receptor related protein
(LRP) family (LRP5/6/Arrow) [5–7].
The precise mechanism by which
Wnt activates the Frizzled-
LRP5/6/Arrow complex remains
unclear. A reiterated PPPS/TP-
motif in the LRP5/6/Arrow
intracellular domain has been
shown to be necessary and, in at
least some contexts, sufficient to
trigger Wnt/β-catenin signaling [3].
However, as these sufficiency
experiments were carried out in
cells that presumably have
endogenous Frizzled receptors,
even constitutively active forms of
LRP5/6/Arrow may still require
Frizzled interaction in order to
signal. Mechanistically, Wnt
signaling appears to both
stimulate and require
phosphorylation of the LRPreceptor’s PPPS/TP-motif [3]. Wnt
signaling also promotes
LRP5/6/Arrow to recruit the
scaffolding protein Axin to the
plasma membrane [8–10] and it
has been proposed that
phosphorylation of the PPPS/TP
motif creates an inducible docking
site for Axin [3].
Frizzled also binds the
intracellular protein Dishevelled, a
phosphoprotein that has been
placed genetically upstream of β-
catenin and GSK3 [11,12]. In
addition to interacting with their
respective Wnt receptors,
Dishevelled and Axin can interact
with one another via their DIX
domains [11,12], and although the
precise role of this interaction
remains unclear, it can recruit
Axin to the plasma membrane
[10]. Dishevelled is required
downstream of the
Wnt/Frizzled/LRP receptor
interaction for inhibition of GSK3-
mediated β-catenin
phosphorylation. As a
consequence, stabilized β-catenin
accumulates in the cell and
translocates to the nucleus where
it interacts with Lef/Tcf family
transcription factors to activate
Wnt target genes [13].
Because the association of Axin
with LRP5/6 is dependent on
receptor phosphorylation [3],
Zeng et al. [4] set out to identify
the responsible LRP5/6 kinase(s).
Identification of GSK3 as a LRP6-
interacting protein in a yeast two
hybrid screen, while seemingly
surprising given GSK3s role in
promoting β-catenin degradation,
is consistent with the target
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R63Figure 1. The Wnt/β-catenin pathway.
(A) In the absence of Wnt ligand, dual phosphorylation by CK1 and GSK3 targets β-catenin for ubiquitin-mediated proteasomal degra-
dation, while nuclear Lef/Tcf proteins recruit corepressors to repress Wnt target gene transcription. (B) Wnt interaction with the Friz-
zled-LRP5/6/Arrow receptor complex leads to LRP5/6/Arrow phosphorylation by GSK3 then CKI, creating a receptor docking site for
the scaffolding protein Axin. The cytosolic Axin/GSK3/CK1 complex no longer mediates β-catenin phosphorylation. Stabilized β-
catenin enters the nucleus where it interacts with Lef/Tcf to activate transcription of Wnt target genes. (C) One of the reiterated phos-
phorylation sites in the LRP6 cytoplasmic tail. GSK3 phosphorylation at Site I precedes CKI phosphorylation at Site II.
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Lef/Tcfspecificity of this proline-directed
serine/threonine kinase [14].
Moreover, GSK3 activity has
previously been shown to
promote the Axin-LRP5
interaction [8]. Given that Axin
binding enhances LRP5/6
phosphorylation, and that GSK3
interacts with Axin, these findings
suggest that Axin may act as a
scaffolding protein to promote
GSK3-mediated receptor
phosphorylation in a manner
analogous to the role these
factors play in β-catenin
phosphorylation.
Using an antibody specific for
one of the phosphorylated LRP6
PPPSP-motifs, Zeng et al.
demonstrate that GSK3
overexpression promotes
receptor phosphorylation, and
that the endogenous PPPSP
kinase is sensitive to the GSK3inhibitors LiCl and SB216763 [4].
Most compellingly, they show that
Wnt-mediated LRP6
phosphorylation is abolished in
fibroblasts derived from
Gsk3α/Gsk3β mutant mice.
Distinct from its phosphorylation
of β-catenin, GSK3 does not
appear to require a priming
phosphorylation in order to
recognize LRP6 as a substrate.
Despite this, however, Zeng et al.
show that phosphorylation of a
conserved serine/threonine
residue (Site II) three amino acids
downstream of each GSK3
phosphorylation site (Site I) in
LRP5/6/Arrow is required for Wnt
signaling. Using a phospho-
specific antibody for one of the
five Site IIs, they establish that,
like Site I, this site is
phosphorylated in direct response
to Wnt stimulation. However, inthe case of Site II,
phosphorylation appears to be
mediated by one or more
members of the CK1 family.
Interestingly, mutation of Site I
was found to abolish
phosphorylation of both Site I and
Site II, whereas mutation of Site II
had no effect on phosphorylation
of Site I. These findings are
consistent with a model,
proposed by the authors, in which
GSK3 phosphorylation of Site I is
required as a priming event for
CK1 phosphorylation of Site II. A
second recent paper [15] confirms
the requirement for
phosphorylation of Site II
following a priming event at Site I,
and provides strong evidence that
the Site II kinase is CK1γ. These
same authors also provide
evidence that CK1γ may
phosphorylate additional sites
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Wnt-dependent fashion [15].
Importantly, phosphorylation of
LRP6 by both GSK3 and CK1
appears to be necessary for
efficient Axin binding [4,15].
Together these findings provide
strong evidence that a pair of
kinases previously characterized
as negative regulators of Wnt/β-
catenin signaling also positively
regulate this pathway. At least in
the case of GSK3, Zeng et al. [4]
propose that distinct subcellular
pools of the kinase may mediate
these different functions. The
authors support this claim by
demonstrating that, in contrast to
cytosolic GSK3, a constitutively
membrane-bound form of this
kinase cooperates with LRP6 to
strongly activate Wnt target genes
in a manner dependent on the
PPPSP-motifs.
The results of Zeng et al. [4] and
Davidson et al. [15] help explain
several puzzles in the field,
including the observations that
some CK1-family kinases
stimulate Wnt/β-catenin signaling
[16,17], and that GSK3
overexpression enhances
association of Axin with LRP5/6
[8]. However, these new findings
may raise as many questions as
they answer: How does ligand
binding lead to phosphorylation of
LRP5/6/Arrow by GSK3 and CK1
and is there an LRP5/6/Arrow
phosphatase that counters this
activity? Also, if the GSK3/CK1
binding scaffold protein Axin
requires LRP5/6/Arrow
phosphorylation prior to binding,
then how are the kinases recruited
to the receptor in the first place?
Future work might profitablyexplore whether the
Dishevelled–Axin interaction plays
a role in this process.
Disagreement between the new
studies on the extent to which
phosphorylation of Site I is
regulated by ligand binding must
be resolved [4,15], and the
findings of Zeng et al. [4] must be
reconciled with previous results in
Drosophila indicating that Wnt
signaling can be independent of
GSK3/Shaggy/zw3 [18]. Despite
these and other questions,
however, the new studies seem to
shoot an arrow cleanly through
established dogma holding that
GSK3/Shaggy/zw3 functions
solely as a negative regulator of
Wnt/β-catenin signaling.
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